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Investigation of the Martini Force Field for Lipid Raft Membranes
Ryan S. Davis1, Mohamed Laradji2.
1Princeton University, Princeton, TN, USA, 2University of Memphis,
Memphis, TN, USA.
It is now well established that three-component membranes composed of a sat-
urated lipid, an unsaturated lipid, and cholesterol may exhibit coexistence be-
tween a liquid ordered phase mainly composed of the saturated lipid and
cholesterol, and a liquid disordered phase composed of the unsaturated lipid.
These three-component membranes have been used as models for less under-
stood lipid rafts in the plasma membrane. Recently, the MARTINI force field
was proposed as an efficient coarse-grained system-specific model for lipids.
This model was used to study mixtures of DPPC, Chol and polyunsaturated
lipids corresponding to DUPC or DAPC [1]. However, the model has not
been investigated in the context of lipids with lower levels of unsaturation
such as DOPC for which phase separation has been reported experimentally
[2]. We therefore performed systematic molecular dynamics simulations of
several ternary mixtures of DPPC/unsaturated-PC/Chol via the MARTINI
model, in conjunction with finite size scaling analysis of the net interfacial
length between domains in order to unambiguously assess whether the domains
represent either thermodynamic or microphase separation. We found that
DPPC/DAPC/Chol and DPPC/DUPC/Chol do indeed exhibit thermodynamic
phase separation, in agreement with [1]. However, no thermodynamic phase
separation is observed in DPPC/DOPC/Chol in contrast with experiments
[2]. Through a systematic tweaking of the interactions between the apolar hy-
drophobic beads of the lipids tail groups, we show that the phase separation be-
tween DPPC/unsaturated PC/Chol within the MARTINI model is essentially
driven by interactions between the tail beads rather than the conformational in-
compatibility between tail groups of DPPC and those of unsaturated lipids. This
work is supported by a grant from NSF (DMR-0812470 and EPS-1004083).
[1] J. Risselada and S. Marrink, PNAS Vol. 105: 17367-17372 (2008).
[2] S.L. Veatch and S.L. Keller, Biophys. J. Vol. 85: 3074-3083 (2003).
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Cellular membranes exhibit an asymmetric distribution of lipids across the two
leaflets of the bilayer. While the sphingolipid-rich outer (exoplasmic) leaflet
has a lipid composition prone to lateral segregation and domain formation,
the situation in the sphingolipid-poor inner (cytosolic) leaflet is unclear. The in-
teraction between the two leaflets (i.e. the inter-leaflet coupling), although in-
volved in several biological processes, is not well understood. We recently
developed a highly reproducible solvent-free method for preparing asymmetric
giant unilamellar vesicles (GUV). The method is fast, has a high yield, can be
used with a wide variety of lipids and is compatible with the reconstitution of
transmembrane proteins.The asymmetry of the GUVs was investigated using
fluorescence correlation spectroscopy (FCS) in order to probe dynamics of
lipids in the two leaflets. We have shown that introduction of sphingomyelin
exclusively into the outer leaflet of GUVs composed of an unsaturated phos-
phatidylcholine (PC) results in a much larger decrease in outer leaflet lateral
diffusion compared to the effect on the inner leaflet. Furthermore, by system-
atically comparing different PCs, we found that the degree to which the inner
leaflet dynamics is coupled to that in the outer leaflet depends on the length and
saturation of the acyl chains and, possibly, the interaction between the lipids’
terminal methyl groups at the bilayer mid-plane. In more detail, preliminary
studies indicate that the degree of coupling increases both when: i) the PC
has one saturated acyl chain (independently from its Tm) or ii) the SM is asym-
metric and interdigitates into the opposing leaflet. These findings suggest how
cells might modulate the inter-leaflet coupling - and thus the flow of informa-
tion through the membrane - by simply varying its lipid composition.
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High Affinity Immobilization of Giant Unilamellar Vesicles (GUVs) In-
duces Redistribution of Lipid Domains
Maria J. Sarmento, Manuel Prieto, Fa´bio Fernandes.
Instituto Superior Te´cnico, Lisbon, Portugal.
Fluorescence microscopy imaging of giant unilamellar vesicles (GUVs) is
a popular tool for the study of lipid phase separation. Studies with GUVs fre-
quently require immobilization of the vesicles, and several methods are avail-
able for that effect. One of the most common methods of immobilization
requires the inclusion of a very small fraction of biotin labeled lipids in the lipid
mixture. Following vesicle formation, the sample is added to avidin coated im-
aging chambers and the interaction between biotin and avidin ensures thatGUVs remain fully immobile during data acquisition. Here, we analyze the ef-
fect of biotinylated lipids with different structures on the distribution of lipid
domains within the GUVs. We show that the different biotinylated lipids pres-
ent differential affinities for liquid disordered, liquid ordered and gel lipid
phases, and as a consequence the distribution of lipid domains inside GUVs
was dramatically affected. Additionally, even in the absence of immobilization,
interaction of the GUVs with the coverslip solid surface induced changes in
lipid domain distribution. A very common methodology in GUV imaging is
the acquisition of data only from the top hemisphere. Taking our results into
account, it is clear that this creates a bias relatively to the total composition
of the vesicles. Thus, in order to correctly quantify lipid phase fractions in
GUVs, it is absolutely essential to acquire data from the entire vesicle.
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Federation, 2A.N. Frumkin Institute of Physical Chemistry and
Electrochemistry, Russian Academy of Sciences, Moscow, Russian
Federation, 3Program on Physical Biology, Eunice Kennedy Shriver National
Institute of Child Health and Human Development (NICHD), Bethesda, MD,
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The structure and line tension of the boundary of a membrane domain (raft) was
theoretically examined. A bilayer raft was modeled as two monolayer domains
that are in register, directly opposite each other, one domain in each monolayer
of a bilayer. It is assumed that rafts are thicker than the surrounding membrane.
The macroscopic theory of elasticity was used to calculate line tension and the
relative lateral displacement of the boundaries of two opposed monolayer do-
mains. In the absence of deformations at the boundary, hydrophobic portions of
a lipid would be exposed to water because rafts are thicker than the surround.
The line tension was calculated as the energy required for elastic deformations
at the raft boundary to prevent exposure of hydrophobic patches to water. The
distribution of the deformations and the boundary energy were determined by
minimizing the elastic deformation energy of the system. This yielded the de-
pendence of the line tension on the displacement between the boundaries of the
two opposed monolayer domains. It was found that line tension has a minimum
when the boundaries of the two monolayer domains are separated by a distance
of ~4 nm. Thus, an experimental predication of the model is that membrane de-
formations at the boundaries of raft monolayers should stabilize monolayer do-
mains in register; this register is approximate, rather than exact. An applied
external lateral tension alters the deformations at the boundary and this leads
to an increase in line tension.
Supported by the Program of Creation and Development of the National Uni-
versity of Science and Technology «MISiS», and grants from the RFBR #11-
04-01001 and #11-04-02087, Russian Federal Targeted Program ‘‘Scientific
and Scientific-Pedagogical Human Resources of Innovative Russia’’ (state con-
tract # P337).
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The Effect of Hydrophobic Match on Transmembrane Protein Raft
Affinity
Qingqing Lin, Erwin London.
SUNY Stony Brook, Stony Brook, NY, USA.
It is believed that lipid rafts control protein-protein and lipid-protein interac-
tions within cell membranes. However, how transmembrane (TM) proteins as-
sociate with rafts remains poorly understood. One proposed mechanism is that
hydrophobic match/mismatch drives TM proteins into or out of rafts. We
tested this hypothesis using perfringolysin O (PFO), a member of the
cholesterol-dependent cytolysin family. Upon interaction with cholesterol,
PFO inserts into membranes and forms a rigid TM beta-barrel. PFO interacts
with rafts, so is a useful model protein to study the origin of TM protein raft
affinity. PFO mutants with different length TM segments were generated with
each b-strand in each of the two TM b-hairpins lengthened (l -PFO) or short-
ened (s-PFO) by two residues. Similar to wildtype PFO, these mutants showed
cholesterol-dependent membrane binding and pore-formation activities, al-
though with somewhat different properties. A pore detection assay carried
out to determine if the pore-forming efficiency of PFO mutants was correlated
to membrane width found that l-PFO shows higher pore formation activity in
vesicles with thicker bilayers than did s-PFO. Microscopy studies in giant uni-
lamellar vesicles confirmed that both PFO mutants could bind to vesicles with
co-existing Lo/Ld domains: l-PFO tends to locate within thick Lo domains,
while s-PFO appears at thin Ld domains. Energy transfer (FRET) experiments
296a Monday, February 27, 2012were also used to compare the raft affinity of wildtype and mutated PFO in
vesicles containing ordered domains. Preliminary studies indicate in
cholesterol-containing vesicles having wide Lo domains (distearoylphosphati-
dylcholine) and thin Ld domains (dimyristoleoylphosphatidylcholine), l-PFO
showed higher raft affinity, whereas s-PFO shows little raft affinity. The
raft affinity of l-PFO and s-PFO was reversed in vesicles containing thinner
Lo domains (dipalmitoylphosphatidylcholine/dimyristoylphosphatidylcholine)
and thick Ld domains (dieicosenoylphosphatidylcholine). These studies sug-
gest that hydrophobic match may have an important role in TM protein raft
affinity.
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We have assessed the continuum elastic model (CEM) for membrane deforma-
tions by comparison with all-atommolecular dynamics (MD) simulation results
of gramicidin A (gA) dimers inserted into four different lipid bilayers formed
by DLPC, DMPC, DOPC, and POPC. The CEM based on the smectic liquid
crystal assumption for lipid membrane has been reported to efficiently model
the protein-induced membrane deformation. In this description, the hydropho-
bic mismatch is assumed to be the dominant non-specific physical interaction
between protein and lipid bilayer, and the deformation energy is modeled by
compression-expansion, splay-distortion, and surface tension contributions.
Using various boundary conditions (constrained, relaxed, and MD-based) and
elastic modulus profiles (uniform and space-dependent), the deformation pro-
file and the resulting energy were calculated and compared with the MD sim-
ulation results. Good agreement of the CEM and MD results is obtained for
bilayer thickness profiles beyond the first lipid shell region from the gA channel
when the MD-based boundary condition is used at lipid-protein contact. How-
ever, the continuum membrane representation near the protein contact, in the
first shell, does not capture the atomic-level protein-lipid interactions. Thus
careful/separate treatment of the first lipid shell region is required for the
CEM to fully represent the realistic lipid bilayer deformation, as deduced
fromMD simulations. Introducing a space-dependent modulus profile has little
effect on the deformation profile, but the calculated deformation energy de-
pends strongly on the modulus profile.
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Theoretical approaches to studying biological problems have seen appreciable
advancements in the past decade, allowing detailed structural and thermody-
namic description of fundamental cellular processes, such as protein folding,
lipid self-assembly, large-scale structural rearrangements of macromolecules,
etc. Nevertheless, a full atomic description of even simple microscopic biolog-
ical systems requires billions of atoms, beyond the reach of current computa-
tional methods. Membrane remodeling induced by members of the BAR
domain protein family, is an innately multiscale problem, in which molecular
interactions between the BAR protein and the lipids induces local curvature,
and ultimately leads to large-scale reticulations of liposomes. In our study,
we start with a discretized field-theoretical description of a liposome and carry
out continuum mechanics simulations that generate reticulated topologies,
quite similar to the ones seen in experiments. The obtained configurations
are used as templates for mapping coarse-grained lipids and BARs over the
continuum model. Subsequently, we use the coarse-grained representation
of the liposome to run massive molecular dynamics simulations, with the
aim of capturing
the underlying mo-
lecular mechanisms
that direct the lipo-
some to undergo
such large-scale bio-
logical restructuring
and detecting the
preferred localiza-
tion of BARs at
high resolution.1514-Pos Board B284
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N-3 polyunsaturated fatty acids (PUFA) enriched in fish oil are increasingly
recognized to have potential benefits for treatment of inflammatory and meta-
bolic disorders; however, their mode of action remains unclear. One emerging
hypothesis is n-3 PUFA acyl chains disrupt the molecular organization of lipid
raft domains. In the present study, we first compared the effects of the two ma-
jor n-3 PUFAs of fish oil, eicosapentaenoic (EPA) and docosahexaenoic (DHA)
acids, on molecular organization in model membranes. Solid state NMR spec-
troscopy revealed that more DHA- than EPA-containing phosphatidylcholine
(PC) infiltrated into sphingolipid/cholesterol enriched raft-like domains. The
tendency for DHA to incorporate into rafts was more than twice that for
EPA. We then tested our results from model membranes in cell culture and
in animals. In vitro, treatment of EL4 cells with EPA and DHA showed greater
incorporation of DHA than EPA acyl chains into raft-like detergent resistant
membranes (DRMs). Ex vivo, feeding C57BL/6 mice a diet enriched in EPA
and DHA also resulted in a greater incorporation of DHA than EPA in PCs
of DRMs of B cells. Total internal reflection fluorescence imaging confirmed
the in vivo biochemical studies to show that fish oil dramatically disrupted
the clustering of lipid raft domains. Taken together, our data demonstrate
that model membrane studies can be effectively integrated with studies in cells
and animals; moreover, we establish a potential mechanism by which EPA and
DHA can differentially disrupt lipid raft molecular organization, which has im-
plications for developing fish oil as a therapeutic in the clinic.
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Ordered membrane lipid microdomains have been postulated to regulate pro-
tein signaling by influencing the diffusion and clustering properties of mem-
brane proteins. However, direct observation of lipid domains in cell
membrane has been difficult. Here, we used fluorescence lifetime imaging of
the order-sensitive dye Laurdan and phasor analysis to show the plasma mem-
brane comprises a sub-resolution mixture of ordered and disordered domains.
Simultaneous measurements of membrane order and protein diffusion showed
that the membrane protein LAT (Linker for Activation of T cells) transiently
interacted with sub-resolution domains, which retarded its diffusion.
Palmitoylation-deficient LAT (C-S LAT) did not interact with lipid domains.
In contrast, depolymerization of cortical actin had no effect on the abundance
of lipid domains but directly affected the diffusion of LAT. Using super-
resolution photo-activated localization microscopy (PALM) and quantitative
cluster analysis, we demonstrated that diffusion correlated with LAT cluster-
ing. Hence treatments that modulate the abundance of sub-resolution lipid do-
mains indirectly affect LAT clustering by altering diffusion, while cytoskeletal
fences have a direct effect on the protein behavior. In conclusion, our data pro-
vide first insights into the molecular organization of the plasma membrane and
how its biophysical properties may be exploited in the assembly of protein
complexes.
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Several simplified membrane models featuring coexisting liquid disordered
(Ld) and ordered (Lo) lipid phases have been developed to mimic heteroge-
neous organization of cellular membranes, for example into ordered
lipid-protein nanodomains, termed ‘‘rafts’’. In spite of their greatly reduced
complexity, quantitative characterization of local lipid environments using
model membranes is not trivial, and the parallels that can be drawn to cellular
membranes are not always evident. Similarly, various fluorescently labeled
lipid analogs have been used to study membrane organization and function
in vitro, while the biological function of these probes in relation to their native
